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The Most Compelling X-ray Surveyor Science
Goals (“Killer Apps”) on First Accretion Light

Summary Title for Killer App:
Nature of First X-ray Sources
People Contributing Text to Describing this Killer App:
Anastasia Fialkov (CfA),

General Science Goal:
First population of X-ray sources has not been observed yet and several candidates have been
discussed in literature including X-ray binaries (which are the leading candidates), mini-quasars,
hot gas in galaxies, shocks, dark matter annihilation, etc. First X-ray sources had dramatic
impact on the evolution of the Universe by heating up the intergalactic medium (IGM) and
modifying spectrum and fluctuations of the 21-cm signal of neutral hydrogen before Reionization
(z>6). In particular, (1) because of cosmic heating the 21-cm signal of neutral hydrogen is
predicted to transit from absorption regime to emission at redshift which depends on both the
spectral energy distribution (SED) and efficiency of X-ray sources; (2) mean free path of X-ray
photons at high redshifts is imprinted in the power spectrum of the 21-cm signal; and (3)
depending on the nature of the first X-ray sources the 21-cm signal from the first half of
Reionization (z>10) can be heating-driven.
First X-ray sources can be directly resolved by X-ray Surveyor if they are bright enough, or
contribute to the cosmological unresolved X-ray background. Putting together direct
observations of first X-ray sources probed by X-ray Surveyor with future 21-cm measurements
could help to constrain their nature. Moreover, it will allow to extract other astrophysical
parameters from the 21-cm data with greater precision. It would be particularly useful to cross-
correlate the large-scale fluctuations in the X-ray background with the 21-cm signal observed by
the Square Kilometer Array (SKA) to establish the global effect of heating, the SED of these
sources as well as properties of first star forming regions.

Specific Observational Goal:

1. Large-scale fluctuations of X-ray background: root mean square fluctuations of X-ray
background at comoving| 3 Mpc scale produced at z = 9 should be of 4x10*{-15}
erg/sicm*2/keV per deg”2, and of 4x10*{-16} if produced at z = 13. If high-redshift
fluctuations of X-ray background at comoving scales of k < 1 Mpc*{-1} will be measured,
they can be cross-correlated with future 21-cm measurements by the SKA. Because the
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General Observational Status

Over the past ~ 17 yr, the capabilities of Chandra and
XMM-Newton have allowed a large expansion in the
number of X-ray detected AGNs at z = 4-7.

X-ray follow-up of high-redshift AGNs first found in
other multiwavelength surveys; e.g., SDSS, PSS, FIRST.

X-ray selected high-redshift AGNs in X-ray surveys.
Critical since X-rays penetrating and not diluted.

Now have about 155 X-ray detections at z = 4-7, allowing
reliable basic X-ray population studies out to the
reionization era.
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Space Density Declines for
High-Luminosity X-ray AGNs
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In contrast to early suggestions from
ROGSAT, clearly see ~ exponential
decline for luminous X-ray selected
AGNs at z > 3.

® « (1 + z)P with p = -6.0 +/- 0.8

Space-density comparisons with
optically selected quasars indicate
agreement to within factors ~ 2-3.



Space Density at z ~ 3-5 for
Moderate-Luminosity X-ray AGNs

Remaining debate here —small samples,  p 1, 1y 5 Factor of ~ 5 from z = 3-4 to z = 4-5, but

tough follow-.up, results can depend on with Perhaps a Milder Drop at High Luminosities?
analysis details.

Similar Decline at Moderate

o o0 o 5 o0 ?10'5 = :,\10‘5 -
Luminosities as at High Luminosities? g 1 3 '
I T I 21F ERR 3
= W =
0.0001 B complete 4 Zorl 1 Ziew ]
BN PDE 1 5 =) G rali ]
- r A Chandra onl % r

B LDDE ] 10 [ w xMM_XXL i ] too | eorgakakis —5

_ Gilli+07 : ; @® XXL+Chandra (combined) A E E et a.].. (2015)

10-5

10 prrr T T T T T T T T T T T T T T T T T

3-4)

®[Mpc-3]

10-¢

42.85 < log(HL) 44

4-5) / ¢(ly, z

oLy, z

- log(Hl) > 445 Vito et al. (2014) ]

10-7 U [ ' 0.01
3 4 5
Z

Ly (2—10 keV) (erg/s)



Status of High-Redshift X-ray
AGN Surveys in a Decade
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AGNs Probably Cannot Drive

Reionization atz~ 6
But AGNs and HMXBs likely have secondary IGM heating effects.

Hydrogen Ionizing Photon Rate Density The Revenge of the X-ray Binaries at z ~ 6-87?
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Seeds of SMBHs with X-ray Surveyor
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At z~ 10, can detect BH to ~ 5 x 10* M, including obscured systems. Ideally would go a
factor of several deeper still, so this is a challenging driver for X-ray Surveyor!



AGNs from 25 Ms Athena Survey
versus Euclid and WFIRST+LSST
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Observed 0.5 =10 keV Counts
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Seeds of SMBHs with X-ray Surveyor

og@z:) | e.g., Volonteri et al. (2015) Low-mass seeds with ~ uninterrupted
0 7 rapid accretion?
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Figure 2. Time evolution of the Eddington ratio feqa and of the black hole mass M,, in the
standard case, where L = fgaaLgaa (top) and the slim disc case, where L ~ In(fgda)Lgdd
(bottom), so that luminosity remains sub-Eddington, while accretion is super-critical.



Constraining Seeds with the XLF

The behavior of the high-redshift X-ray luminosity function (XLF) at
the very faint end will be key for insights into seed-growth models.

Growth from light seeds should lead to a large number of faint
high-redshift AGN fueled by accretion onto low-mass BH.

For heavy seeds, AGNs can more easily reach luminosities close
to L., producing a flatter faint end of XLF.

Our stacking-analysis constraints suggest a fairly flat end of the
XLF.

Improved quantitative predictions of XLF behavior for different
seed models will be most helpful. As well as other observables
that can distinguish light vs. heavy seeds.



Example X-ray Surveyor Program

Need to reach 0.5-2 keV flux limits of at least 2 x 10-!° erg cm? s°!, and
1deally want to reach a factor of several deeper still.

Sky-density estimates of seeds remain uncertain, but likely need
to cover several deg? to such flux levels.

Probably best to obtain this sky coverage over several distinct fields to
reduce cosmic variance effects while still probing any LSS.

Will need to choose best fields around the time of launch, but likely
candidates presently are, e.g., CDF-S, CDF-N, XMM-LSS, COSMOS.

Will be especially important to have ultradeep JWST, 21-cm, etc. data
that can provide reliable counterparts.

X-ray source positions better than 0.5” are needed for reliable source
matching.



Environmental Dependence
of the First SMBH Growth

z = 5.3 protocluster
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Capak et al. (2011)

Currently, large-scale structures are found up
to z ~ 5-6 in deep multiwavelength surveys -
protoclusters and protogroups.

AGNs have been effective tracers for these.

Want to identify many more such structures
in wide-field deep surveys with X-ray
Surveyor,

as well as push to higher redshilfts.

After detecting AGN tracers in X-ray band,
identify with follow-up imaging and
spectroscopic observations (e.g., JWST).

Enable statistical studies of the environmental
dependence of the first SMBH growth.



Stacking: A Romantic Example

. : » . 3/ 100 second
exposure

1 /1000 second
exposure

Courtesy of Bret Lehmer

Stacked image of 30 candles with 1 / 1000 sec exposure.

Effective stacked exposure of (30 X 1 /1000 sec) =3/ 100 sec.




1 Ms Chandra Deep Field-South Stacking

Trying to push as faint as possible to constrain SMBH seeds with Chandra.

X-ray stacking of individually undetected galaxies (100-1400 per bin) can provide
average X-ray detections to z = 4.5-5.5, and useful upper limits at higher redshifts.

Signal is mostly from massive galaxies, as assessed via sample splitting with 4-fold
cross-validation testing.
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Reaching Close to X-ray Surveyor
Flux Levels - on Average

Table 1. Main properties of the stacked samples.

z bin M./Mo N (N¥)  (2%) Exp. CRwTOT Frors SNRboot N2SE  SNRyana
109% 107 %ctss™! 10~ 6ergem—2s~! o o

(1) (2) @ @ 6 (6) (7) (8) (9) (10)
35<2<45 all 1393 (1441) 390 816  8.17+4.05 511+ 2.53 2.02  0.0091 2.36
35<2z<45 >132x10° 662 (667) 391 3.86 11.50+3.08 7.19+1.93 3.74  0.0000* > 4.00
45<2<5.5 all 453 (472) 490  2.65 <2.22 < 1.39 0.87  0.1630 0.98
45<2<55 >186x10° 217 (222) 492 126  3.66+ 1.79 2.29 + 1.12 2.04  0.0034 2.71
55<2<6.5 all 230 (241) 593 135 < 1.61 < 1.01 ~0.34  0.6742 —0.45
55<2<6.5 >263x10° 111 (113) 593  0.65 <1.07 < 0.67 0.25  0.4001 0.25

(1) redshift bin; (2) mass selection: for every redshift bin we first stacked all the galaxies and then the most massive ones, defined as
those with M, larger than the median in that bin; (3) number of CANDELS stacked galaxies and, in parentheses, corresponding
weighted number of galaxies (Eq. 1). Note that the stacked number of galaxies in the “massive” samples is close but not equal to half
the number of galaxies when no mass cut is applied. The reason is that the mass cut is the median mass of galaxies in the redshift bin,
including the galaxies which are not stacked due to their proximity to (or identification with) an X-ray detected source. (4) median
weighted redshift (Eq. 2); (5) total exposure time; (6) total (i.e. corrected for the aperture of the extraction radii) weighted net
count-rate in the soft band, (7) corresponding total flux, (8) signal-to-noise ratio (SNR) derived from the bootstrap procedure, (9)
fraction of runs of the random-position stacking returning a net count rate larger than that found for the sample of real galaxies, based
on 10000 runs, and (10) corresponding confidence level. *For this sample we used 50000 runs.



Physical Interpretation of Stacked Flux

Much, and perhaps all, of the observed flux can be attributed to X-ray binaries. Probing

HMXBs to z ~ 5.5.

Most high-redshift SMBH accretion occurs in short AGN phase — continuous low-rate
accretion contribution appears small.
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Pushing to the Highest Redshifts with Stacking

Stacking of Lyman Break Galaxy Samples with 7 Ms CDF-S

z N (H) Exp. CR%op Fo0bs, TOT SN Rpoot Vito et al.

mag (109s) (107 %ctss™!) (107 '6ergem—2s71!) o
o @ 6 (4) (5) (6) (7)
~4 2444 264 14.33 11.30 4+ 5.12 7.06 £+ 3.20 2.26
~5 673  26.7 3.95 < 2.63 < 1.64 0.48
~6 259  26.8 1.52 < 1.58 < 0.99 —1.89
~T7 107  27.1 0.62 < 1.03 < 0.64 0.60
~8 36 27.1 0.21 < 0.32 < 0.20 —1.65

JWST will provide large samples at higher redshifts,
better redshift identifications, and better removal of
low-redshift interlopers.

Aim to push Chandra stacking analyses to z ~ 10-15 with
the samples of high-redshift galaxies from JWST in the
7 Ms CDF-S (and other fields).

Also could stack 21-cm selected regions, or perform
cross-correlation analyses.

X-ray Surveyor would allow much better stacking.



XRS Connections with 21-cm IGM Probes

Cosmic Dark Ages Reionization IGM mostly ionized

z>15-30? z2%=6~15? z=0-6,t>1Gyr . .
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The Square Kilometre Array (SKA) will be the world's largest radio telescope, revolutionising
our understanding of the Universe. The SKA will be built in two phases - SKA1 and SKA2 -
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Constraining the redshifted 21-cm signal with the
unresolved soft X-ray background
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ABSTRACT

We use the observed unresolved cosmic X-ray background (CXRB) in the soft 0.5 — 2
keV band to constrain the population of high redshift X-ray sources existing before
the end of reionization. Because the nature of these sources is poorly understood, we
consider hot gas, X-ray binaries and mini-quasars (i.e., sources with soft and hard X-
ray spectra) as possible candidates. We show that all types of the considered sources
naturally generate a soft band CXRB, but if they actually generate the observed back-
ground their efficiency in producing X-rays must be one-to-two orders of magnitude
higher than what is normally assumed. We find that the efficiency of hard sources
does not have to be increased as strongly as that of the soft ones in order to generate
the observed background. In addition, we show that when models are normalized to
the CXRB, cosmic heating occurs quite early, and in some cases X-rays become a
significant driver of reionization competing with the UV photons, while the expected
high-redshift 21-cm signal is reduced. Given the great uncertainty in the efficiency of
early X-ray sources, the normalization to the CXRB yields an important upper limit
on the effect that high-redshift X-ray sources can have on the thermal history of the
Universe and on the 21-cm signal. For completeness, we also consider lower limits on
the X-ray heating efficiency arising from recent upper limits on the 21-cm power spec-
trum. Weak heating would result in a strong 21-cm signal, which would be an easy
target for radio telescopes.

Constraining High Redshift X-ray Sources with Next
Generation 21 cm Power Spectrum Measurements
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ABSTRACT

We use the Fisher matrix formalism and semi-numerical simulations to derive quan-
titative predictions of the constraints that power spectrum measurements on next-
generation interferometers, such as the Hydrogen Epoch of Reionization Array
(HERA) and the Square Kilometre Array (SKA), will place on the characteristics
of the X-ray sources that heated the high redshift intergalactic medium. Incorporat-
ing observations between z = 5 and z = 25, we find that the proposed 331 element
HERA and SKA phase 1 will be capable of placing < 10% constraints on the spectral
properties of these first X-ray sources, even if one is unable to perform measurements
within the foreground contaminated “wedge” or the FM band. When accounting for
the enhancement in power spectrum amplitude from spin temperature fluctuations,
we find that the observable signatures of reionization extend well beyond the peak
in the power spectrum usually associated with it. We also find that lower redshift
degeneracies between the signatures of heating and reionization physics lead to errors
on reionization parameters that are significantly greater than previously predicted.
Observations over the heating epoch are able to break these degeneracies and improve
our constraints considerably. For these two reasons, 21 cm observations during the
heating epoch significantly enhance our understanding of reionization as well.

Key words: dark ages, reionization, first stars — techniques: interferometric - radio
lines: general — X-rays: galaxies

Effect of hard X-ray sources
(longer path length - no heating
fluctuations on scales smaller than
mean-free-path)

XRS can probe these X-ray
sources directly, and can
combine with 21-cm IGM
constraints. Also perform, e.g.,
cross-correlation analyses.



X-ray vs. NIR Background Correlations

CROSS-CORRELATING COSMIC INFRARED AND X-RAY BACKGROUND FLUCTUATIONS:
EVIDENCE OF SIGNIFICANT BLACK HOLE POPULATIONS AMONG THE CIB SOURCES
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In order to understand the nature of the sources producing the recently uncovered cosmic infrared background (CIB)
fluctuations, we study cross-correlations between the fluctuations in the source-subtracted CIB from Spitzer/IRAC
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I{ ashlinsky- et al (2 O 1 2) data and the unresolved cosmic X-ray background from deep Chandra observations. Our study uses data from the

- EGS/AEGIS field, where both data sets cover an 28’ x 45’ region of the sky. Our measurement is the cross-power

- . . spectrum between the IR and X-ray data. The cross-power signal between the IRAC maps at 3.6 um and 4.5 m and
Sp ltzer 4 . 5 um the Chandra [0.5-2] keV data has been detected, at angular scales 20", with an overall significance of ~3.80 and

\ ~5.60, respectively. At the same time we find no evidence of significant cross-correlations at the harder Chandra

bands. The cross-correlation signal is produced by individual IR sources with 3.6 um and 4.5 um magnitudes
map 2 25-26 and [0.5-2] keV X-ray fluxes «7 x 1077 erg cm? s~!. We determine that at least 15%—25% of the
large scale power of the CIB fluctuations is correlated with the spatial power spectrum of the X-ray fluctuations. If
this correlation is attributed to emission from accretion processes at both IR and X-ray wavelengths, this implies a
much higher fraction of accreting black holes than among the known populations. We discuss the various possible
7 <- - origins for the cross-power signal and show that neither local foregrounds nor the known remaining normal galaxies

and active galactic nuclei can reproduce the measurements. These observational results are an important new
constraint on theoretical modeling of the near-IR CIB fluctuations.
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ABSTRACT

R *bl(/ Angular power spectra of optical and infrared background anisotropies at wavelengths between 0.5

Q{;‘ to 5 pm are a useful probe of faint sources present during reionization, in addition to faint galaxies and

R o(? diffuse signals at low redshift. The cross-correlation of these fluctuations with backgrounds at other

¢ wavelengths can be used to separate some of these signals. A previous study on the cross-correlation

between X-ray and Spitzer fluctuations at 3.6 pum and 4.5 pm has been interpreted as evidence for

Ll L Ll L Ll direct collapse blackholes (DCBHs) present at z > 12. Here we return to this cross-correlation and

study its wavelength dependence from 0.5 to 4.5 pm using Hubble and Spitzer data in combination

1 O 1 O O 1 O O O with a subset of the 4 Ms Chandra observations in GOODS-S/ECDFS. Our study involves five Hubble

bands at 0.6, 0.7, 0.85, 1.25 and 1.6 um, and two Spitzer-IRAC bands at 3.6 ym and 4.5 pym. We

confirm the previously seen cross-correlation between 3.6 pm (4.5 ym) and X-rays with 3.70 (4.20) and

2.70 (3.70) detections in the soft [0.5-2] keV and hard [2-8] keV X-ray bands, respectively, at angular

e (arcsec) scales above 20 arcseconds. The cross-correlation of X-rays with Hubble is largely anticorrelated,

ranging between the levels of 1.4—3.5¢ for all the Hubble and X-ray bands. This lack of correlation in

the shorter optical/NIR bands implies the sources responsible for the cosmic infrared background at
3.6 and 4.5 pm are at least partly dissimilar to those at 1.6 pm and shorter.
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CIB x CXB Fluctuations

X-ray vs. NIR Background Correlations
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Coherent CIB x CXB fluctuations found.

The large-scale power is consistent with
a population of direct-collapse black
holes at z > 10 (e.g.,Yue et al. 2013).

But interpretation is controversial. Also
might be from intra-halo light at z ~ 1-4.

Background and small FOV of Chandra
are limiting factors for current analyses.

X-ray Surveyor and next-generation
infrared/optical surveyors can perform
much better CIB x CXB measurements.

Aim to measure typical seed masses,
total mass in seeds, and redshift of
formation.
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Inverse-Compton X-ray Jets Maintain Their Surface
Brightness (Almost) Independent of Redshiit

The inverse-Compton scattered X-rays are proportional to the CMB energy density. The
increase of that density proportional to (1+2)* cancels the cosmological diminution of
surface brightness by the factor (1+z)-*

Example: PKS 0637-752 is a quasar at z = 0.657 (left). Right panel shows appearance at z = 4.
X-ray Surveyor should obtain similar images in 1 ks.

Chandra image, with
34 ks Chandra image quasar flux reduced a
factor of 0.012

-i . . .
|

e.d., Rees & Setti (1968);
Schwartz (2002)




Inverse-Compton X-ray Jets

At large redshifts, the quasar will be much fainter and may not be seen, and the

radio emission is also much fainter and may not be seen.

In addition, the lifetime of GHz emitting electrons is ~100 times shorter than that
of the X-ray emitting electrons, for which the lifetimes are shown below.

B3 0727+409
z=2.5

i

X-ray only jet. F, ;<1.5 mJy

Simionescu et al. (2016)
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Inverse Compton X-ray Jets

At large redshift, relativistic jets must emit inverse Compton keV X-rays, unless the
magnetic field strength is larger than plotted (left) for the given bulk Lorentz factor of the jet.

Chandra measures surface brightnesses around 10-!° erg cm™? s'! arcsec? (right),
XRS background is expected to be around 1.7 x 10!° erg cm?s! arcsec™.

Observing strategy: Layered surveys
Unidentified X-ray sources from all sky surveys
Large redshift radio and optical AGN

Marshall et al. (2005, 2011)
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High-Redshift Quasars from
Euclid, WFIRST, and LSST

Sensitivities of LSST, WFIRST, and Euclid

LSST (10 yr, S Hemi%phere, AM 1.2)
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Spergel et al. (2013)

Combination of Euclid, WFIRST,
and LSST will be very powerful
for finding the first quasars.

Euclid should deliver ~ 1400
luminous quasars at z > 1.

WFIRST+LSST will push
considerably deeper than
Euclid over ~ 15% of the area.

Expect ~ 1500 quasars atz > 7
(~30atz>10).
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Athena Can Generate a Lot More of What
We Currently Have Only in Small Amounts
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A very good thing

for getting reliable
AGN source statistics
atz~ 5-10.

Will provide a lot more
photons for source
spectral and variability
diagnostics.

Source confusion with
a 5” PSF will prevent

it from going deeper
than the deepest
Chandra observations.



Simulation of the Formation ofaz~ 6
Quasar from Hierarchical Galaxy Mergers

z=12.75 Li et al. (2007)

X

Gas density and temperature
for high-redshift quasar host

Albeit at somewhat lower
redshifts, we observe similar
phenomena at z ~ 4-5:

(1) X-ray obscured protoquasars
of moderate luminosity

(2) powerful winds from
luminous quasars, likely
capable of host feedback
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Powerful Winds from Luminous
High-Redshift Quasars

X-ray Broad Absorption Lines from Iron K Indicating
a Powerful Wind — High-Redshift Feedback in Action?

Li et al. (2007)

Implied X-ray velocity is v ~ 0.2-0.4c.

Implied mass-outflow rate is ~ 10-30 M, yr!
and kinetic luminosity is ~ 10%6-47 erg s™..

Could be present but undetected in many
other high-redshift quasars (had boost from
gravitational lensing).

Ax

Fe XXV E Epoch 1 |
rest-ener ﬁyln { MW_%:‘;
| “ i, ]
H |||IMH ;d i|||| Y ]
: m H " m z=3.91 ]
g +H+H . H APM 0627945255
L A andra
:.|. 2()()IQSFCe/b 241
_ ] |
Fe X:XV : Epoch 5 1
1'csl-cncrgyi§ i H ]‘L o H. 1I‘IT ++-l-_|_p_%_
)| ‘|'|W5|H*|}”|' | ﬂﬁH e 5
H { * artas et al. ]
I IH o # ] ChAPM 0827191?2(?5) |
} T ACIS Chandra
#h} 2008 Jan 14
1

2

5 10

Observed-Frame Energy (keV)



Nature of First X-ray Sources

First X-ray sources heated the Inter-Galactic Medium (IGM) at redshifts z~ 10-20
from T ~ few Kelvin to T>10000 Kelvin. They also mildly ionized the
IGM (in addition to stars) to the level of ~0.001.

Their nature is unknown and candidates discussed in literature are: high mass X-ray
binaries, AGN, hot ISM, shocks, dark matter annihilation.

The nature of these sources can either be probed directly or via their impact on
IGM seen in the 2]1-cm line.
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Using XRS to Identify X-ray Sources at High
Redshifts

XRS should be sensitive enough to probe brightest star forming regions at the Dawn of
star formation.

If X-ray binaries are the dominant X-ray heating source before the end of Reionization (z>6),
the brightest

star forming regions at z = 9 would emit observable flux of

S = 1.2x1e-13 erg/s/cm”2/keV per deg”2 (at observable 1 keV), while star forming

regions at z = 13 are expected to yield S = 8xle-14 erg/s/cm”2/keV

per deg”2. This flux should be well within reach of X-ray surveyor.

Statistics of such sources will help to probe star formation scenarios at high redshifts.

120 g

[Mlustration: Bright X-ray regions at Cosmic Dawn

Fialkov et al. in prep.




Large-scale Fluctuations of X-ray
Background

Fluctuations in the cosmological X-ray background could offer a unique way to constrain

the nature of high-z (z>6) X-ray sources and their effect on large scales.

Synergy with radio: cross-correlation with the 21-cm signal observed by the future
Square Kilometer Array (if fluctuations in the cosmological background are observed).

Science: Will allow to probe the epoch in global cosmic history of the Universe over
which X-rays had a role (global heating of the IGM)

Left: 21-cm power spectrum vs redshift. Right: cross-correlation between the
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Surprising coherent fluctuations with
CXB
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THE LARGE SCALE POWER IS CONSISTENT WITH A POPULATION OF DCBH AT Z>10 BUT
LARGE SCALE CROSS-POWER IS STILL WEAK

WITH XRS WE WILL STUDY THE LARGE SCALES AND THANK TO THE LARGE SURVEY
AREA AND PHOTON STATISTICS WE WILL BE ABLE TO FIT HIGH-Z BH POPULATIONS

SYNTHESIS MODELS



DCBH on joint CIB-CXB fluctuations

Joint CIB vs CXB fluctuations can be explained with DCBHs.
The poor statistics at large scales does not allow to fit model. So far DCBH grwoth

only would saturate the accreted mass density by z~12. Better measurements at large scales
are a must.

Science: Will “measure” the total mass in DCBH, and the typical mass of DCBH seeds,
and redshift of formation

The Accreted mass density of
DCBH necessary explain the joint
fluctuations very rapidly saturates

DCBH fit result to
Cross-power spectra.
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